Top-emitting organic light-emitting devices ͑OLEDs͒ have a few technical merits for active-matrix OLED displays. Generally stronger microcavity effects inherent in top-emitting OLEDs, however, complicate optimization of device efficiency and other viewing characteristics. In this letter, using the rigorous classical electromagnetic model, we analyze emission characteristics of top-emitting OLEDs as a function of device structures. From the comprehensive analysis, trends in the dependence of emission characteristics on device structures are extracted, and accordingly, a general methodology for optimizing viewing characteristics of top-emitting OLEDs for display applications is suggested. The effectiveness of the analysis and the methodology is confirmed by experimental results.
Top-emitting organic light-emitting devices ͑OLEDs͒, that render feasible the fabrication of OLED displays on opaque substrates, such as Si wafers and active-matrix backplanes with complicated pixel circuits of thin-film transistors, have been subjects of intensive studies recently.
1-8 Topemitting OLEDs in general are composed of a reflective bottom contact, organic layers, and a ͑semi-͒transparent top contact for light out-coupling. The ͑semi-͒transparent top contact usually consists of transparent conducting oxides, thin metal films, or their combinations. These top contacts in general show rather strong reflection due to large refractiveindex mismatches with organic layers beneath and air above, leading to strong microcavity effects on emission characteristics of devices. [5] [6] [7] [8] Strong microcavity effects usually lead to strong dependence of the out-coupling efficiency, color, and brightness on device structures and viewing angles. [5] [6] [7] [8] [9] [10] It is generally found that these charactristics interplay with the optical structures of devices in such a subtle way that makes simultaneous optimization for display applications particularly challenging. [5] [6] [7] [8] [9] A methodology that can effectively guide optimization of emission characteristics will thus be useful. In this letter, we present a systematic and comprehensive analysis of emission characteristics of topemitting OLEDs as a function of device structures, and based on these results, a general methodology for optimizing viewing characteristics for display applications is suggested.
One working top-emitting OLED structure, 8 which uses a reflective metal as the bottom anode and a semi-transparent thin metal as the top cathode, is used as the example for analysis. In this case, Ag with a thin silver oxide induced at the surface is used as the bottom anode, which provides a hole-injection capability and a high reflectivity of 82%-91%. 8 The organic multilayer structure on top of the anode in sequence consists of 4,4Ј,4Љ-tris͑3-methylphenylphenylamino͒triphenylamine ͑m-MTDATA͒,
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␣-naphthylphenylbiphenyl diamine ͑␣-NPD, fixed at 20 nm͒, 12 and tris-͑8-hydroxyquinoline͒ aluminum (Alq 3 ) as the hole-injection layer, the hole transport layer, and the electron-transport emitting layer, respectively. 12 The cathode in sequence is composed of an ultrathin layer of LiF ͑0.5 nm͒ composite Al ͑1 nm͒ as the electron-injecting contact, 3 a thin Ag ͑20nm͒ for reducing sheet resistance, 3 and a highrefractive-index dielectric layer of thermally evaporated TeO 2 (nϳ2.1 to 2.3͒ as an index-matching ͑or antireflection͒ layer to enhance the optical transmission of the thin metal cathode. 3, 5, 7, 8 The complex refractive indices of material layers required in the calculation were obtained by spectroscopic ellipsometry.
The optical model used for performing the analysis adopts a classical approach based on the equivalence between the emission of a molecular dipole transition and the radiation from a classical electrical dipole antenna, which can take into account loss due to electrodes. [13] [14] [15] [16] With planewave expansion of the dipole field, full-vectorial electromagnetic fields generated by a radiation dipole embedded in a layered structure is calculated, from which the far-field radiation related to emission characteristics of an OLED is obtained. [13] [14] [15] [16] To model emission characteristics of an OLED, it is assumed that the emitting layer contains an ensemble of mutually incoherent dipole radiators with distributions in dipole orientations ͑a random isotropic distribution͒, locations ͑a decaying exponential distribution from the ␣-NPD/Alq 3 interface into Alq 3 with an exciton diffusion length of 10 nm͒, 17 and frequencies ͓using the photoluminescence ͑PL͒ spectrum of Alq 3 as the intrinsic spectral distribution of the dipole radiators͔. The total emission intensity I(,) from the OLED as a function of the wavelength and the viewing angle ͓with measured relative to the surface normal͔ is then obtained by averaging contributions over these distributions. Color coordinates of emission at various angles, ͓uЈ(),vЈ()͔, can then be calculated from I(,). To better quantify differences in colors, the 1976 uЈvЈ uniform color space is used. 18 In the present case, three device parameters are varied in analyzing emission characteristics: the distance of the emita͒ Author to whom correspondence should be addressed; electronic mail: chungwu@cc.ee.ntu.edu.tw APPLIED PHYSICS LETTERS VOLUME 84, NUMBER 20ting dipole to the bottom contact ͑through varying the m-MTDATA thickness͒, the distance of the emitting dipole to the top contact ͑through varying the Alq 3 thickness͒, and the reflectivity of the top contact ͑through varying the TeO 2 thickness͒. To quantify their effects on emission characteristics, four parameters are defined and calculated: the outcoupling efficiency, which is the ratio of out-coupled emission to internally generated emission; the saturation offset, which is defined as ͓uЈ(0°)ϪuЈ(520 nm)͔ 2 ϩ͓vЈ(0°) ϪvЈ(520 nm)͔ 2 and measures the color difference between the 0°emission and a target saturated color ͑e.g., 520 nm monochromatic green light, here͒; the color shift, which is defined as variance of uЈ()ϩvariance of vЈ() and measures variation of colors over angles; and the Lambertian offset, which is defined as ⌺͉I()/I(0°)Ϫcos ͉ and measures the difference between the emission pattern and the ideal Lambertian distribution ͓where I() is spectrally integrated I(,)]. Figure 1 shows the calculated contour plots of these four parameters as a function of m-MTDATA and Alq 3 thicknesses with the TeO 2 thickness fixed at 40 nm. Indeed, in varying the TeO 2 thickness, all these characteristics still show contours similar to those in Fig. 1 . This indicates that the reflectivity of the top contact affects the magnitudes of these characteristics, but does not substantially alter their dependence on the thicknesses of organic layers. In Fig. 1͑a͒ , one observes that the contours of the out-coupling efficiency resemble concentric ellipses, with the maximum near (Alq 3 ,m-MTDATA͒ϭ͑65,35 nm͒. In Figs. 1͑b͒-1͑d͒ , one sees that near the efficiency maximum, the contours of saturation offset, color shift, and Lambertian offset resemble straight lines with a slope of ϳϪ1, which indicates that these viewing characteristics are roughly determined by the total thickness of organic layers ͑i.e., the cavity length͒ near the efficiency maximum. The saturation offset and color shift decrease with the total thickness of organic layers. That is, color performance can be improved with a reduced cavity length. On the other hand, contours of Lambertian offset show a minimum around the total m-MTDATAϩAlq 3 thickness of 80-100 nm. From results as shown in Fig. 1 , in determining the optimal structure for a top-emitting OLED, it is plausible to first determine a cathode structure ͑i.e., TeO 2 thickness in the present case͒ that would give the best overall device characteristics and then to fine tune the organic structure to achieve target viewing characteristics. At the same time one should be aware of the tradeoff between efficiency and other viewing characteristics.
As the first step in determining the cathode structure, an analysis as in Fig. 2 , which shows calculated out-coupling efficiency, saturation offset, color shift, and Lambertian offset as a function of the TeO 2 thickness ͓at a nearly optimalefficiency condition of (Alq 3 ,m-MTDATA͒ϭ͑60,30 nm͒ in this case͔, is performed. From such an analysis, one sees that a TeO 2 thickness of ϳ40 nm gives optimized overall characteristics. As a target for further design of devices, characteristics of a conventional bottom-emitting device ͓with the structure of glass/ITO ͑120 nm͒/m-MTDATA ͑30 nm͒/␣-NPD (20 nm)/Alq 3 ͑70 nm͒/LiF/Al͔ are used as the reference. Measurements of such a device gave a saturation offset of ϳ0.02, a color shift of ϳ1ϫ10 Ϫ4 , and a Lambertian offset of ϳ0.13. Calculation results as in Figs. 1 and 2 indicate that, in general, the top-emitting OLED may achieve color performance similar to or even better than that of a bottomemitting device with a slight tradeoff in efficiency, but cannot easily achieve the Lambertian offset of a bottom-emitting device. By compromising efficiency and other viewing characteristics, a total m-MTDATAϩAlq 3 thickness of 90 nm could be picked to give viewing characteristics close to those of a bottom-emitting device. Such condition is represented by thick dashed lines in Fig. 1 . Along this line, varying the ratio of the m-MTDATA thickness to the Alq 3 thickness does not alter color performance much, yet the efficiency is affected substantially, with an optimal efficiency condition around (Alq 3 ,m-MTDATA͒ϭ͑60,30 nm͒. In summary, the device ͑device B͒ with (TeO 2 ,Alq 3 ,m-MTDATA͒ ϭ͑40,60,30 nm͒ is expected to give acceptable overall characteristics. For comparison, a device ͑device A͒ with (TeO 2 ,Alq 3 ,m-MTDATA͒ϭ͑40,65,35 nm͒, which is expected to give the highest efficiency, and a device ͑device C͒ with (TeO 2 ,Alq 3 ,m-MTDATA͒ϭ͑40,50,30 nm͒, which is expected to give even better color performance, were also fabricated and tested. Test devices were fabricated and characterized as described in Reference 8.
In Fig. 2 , the experimental results ͑symbols͒ for devices with a fixed organic structure of (Alq 3 ,m-MTDATA͒ ͑Alq3,m-MTDATA͒ϭ͑60,30 nm͒ and the varied TeO 2 thickness are compared with the calculated results ͑lines͒. Fairly good agreement is obtained, confirming the choice of 40 nm as the optimal TeO 2 thickness. Along with PL of Alq 3 ͑dashed lines͒, Figures 3͑a͒-3͑c͒ show measured ͑symbols͒ and simulated ͑solid lines͒ EL spectra with relative intensities at viewing angles of 0°, 30°, and 60°for test devices A, B, and C, respectively. Figure 3͑d͒ also compares polar plots of the measured EL intensity ͑normalized to the 0°intensity͒ for the three devices with the Lambertian distribution. Further, Fig. 4 shows measured external EL quantum efficiencies of the three devices versus driving current. In Figs. 3͑a͒-3͑c͒, one sees that the measured spectra and relative intensities ͑symbols͒ are in excellent agreement with calculated ones ͑solid lines͒, confirming the accuracy of the simulation. Roughly speaking, EL is redshifted with increased cavity length and is blueshifted with increased viewing angle, consistent with resonance conditions for an optical cavity. 19 In the inset of Fig. 4 , it is shown that the measured quantum efficiencies ͑symbols͒ also agree well with calculated out-coupling efficiencies ͑line͒. As expected from Fig.  1 , device C gives the most saturated and stable green emission versus viewing angle, yet with tradeoffs in efficiency and Lambertian offset; device B gives an emission pattern closest to the ideal Lambertian distribution; and device A has the highest efficiency yet performs worst in other viewing characteristics. Indeed, emission of device A has shifted to yellow. Finally, one notices that with stronger microcavity effects, the emission characteristics of top-emitting OLEDs are very sensitive to layer thicknesses, which in turn would impose more stringent requirements on the thickness uniformity of deposition systems for large-area OLED displays.
In summary, we have analyzed emission characteristics of top-emitting OLEDs as a function of device structures using the rigorous classical electromagnetic model. From the comprehensive analysis, one extracts some clear trends in the dependence of various emission characteristics on device structures, based on which a general methodology for optimizing viewing characteristics of top-emitting OLEDs is presented. Experimental results confirm the effectiveness of the analysis and the methodology. 
